The ability of multicellular organisms to maintain cellular homeostasis is critically dependent on a balance between cell survival and cell death (apoptosis). The responsiveness of individual cells to death signals can vary greatly depending on the presence of continuous survival cues from the extracellular environment. The perturbation of normal cell survival mechanisms, leading to an increase in cell death or cell survival, plays an important role in the development of a number of disease states, including cancer (26, 55) .
Members of the Bcl-2 family are intracellular proteins that can either promote survival (Bcl-2, Bcl-x L , Mcl-1, and A1) or augment cell death (Bad, Bax, Bak, and Bcl-x S ) (38, 41) . Bcl-2 family proteins homo-and heterodimerize, and it has been suggested that susceptibility to cell death is dictated by the relative levels and interactions of Bcl family members (57) . Bad, for example, has been shown to dimerize with Bcl-2 or Bcl-x L . This complex formation inhibits the ability of Bcl-2 and Bcl-xL to block the release of cytochrome c from mitochondria, a critical step in the activation of the downstream caspase protease cascade (17, 19, 20) .
A number of growth factors, including insulin-like growth factor 1, platelet-derived growth factor, and nerve growth factor (46, 51) , and many cytokines (such as interleukin 3 [IL-3]) promote cell survival through pathways requiring the activity of phosphatidylinositol 3-kinase (PI 3-kinase) (8, 11, 60) . The lipid products of PI 3-kinase (phosphatidylinositol-3,4-P 2 and phosphatidylinositol-3,4,5-P 3 ) act as second messengers to stimulate the activity of the protein Ser/Thr kinase Akt (16) . Activated Akt has been shown to phosphorylate the proapoptotic Bad protein on serine residue 136, resulting in its dissociation from complexes with Bcl-2/Bcl-x L and its subsequent association with the cytosolic adapter protein 14-3-3 (7, 8) . The uncomplexed Bcl-xL is then capable of suppressing cell death responses by blocking the release of mitochondrial cytochrome c (24) . It is not yet clear if the binding of phosphorylated Bad to 14-3-3 also plays an active role in promoting cell survival.
FL5.12 lymphoid progenitor cells die in the absence of the cytokine IL-3. Previous studies (60) have established that IL-3 induces the phosphorylation of Bad at serine residues 112 and 136. Phosphorylation of these sites is critical for cell survival signaling in a number of systems (7, 8, 11) ; after mutation of these phosphorylation sites, Bad effectively induces cell death which can no longer be antagonized by IL-3 (60) . The Akt/PI 3-kinase-dependent phosphorylation of Ser136 on Bad cannot fully account for cell survival mediated by IL-3, however, as phosphorylation at Ser112 also antagonizes Bad activity (7) . The kinases that catalyze this phosphorylation reaction have not been well characterized. A recent study identified mitochondrion-associated protein kinase A as a Bad Ser112-specific kinase (22) . Raf-1, through interactions with Bcl-2, can induce phosphorylation of Bad in IL-3-dependent cell lines as well, although the sites of phosphorylation are distinct from Ser112 or Ser136 and remain unknown (53) . A calcium-inducible apoptosis was found to occur through the dephosphorylation of Bad by the calcium-activated protein phosphatase calcineurin (54) .
The p21-activated protein kinases (PAK1 to -3) are closely related serine/threonine kinases activated by the GTPases Rac and Cdc42 (32, 47) and by sphingosine (5) . PAKs are implicated in the regulation of a number of cellular processes, including rearrangement of the actin-myosin cytoskeleton (47, 49) , mitogen-activated protein kinase (MAPK) signaling pathways (61), growth factor-induced neurite outgrowth (6) , and control of phagocyte NADPH oxidase (28) . PAK2 is proteolytically cleaved in apoptotic cells by DEVD-sensitive caspases.
This cleavage generates an active PAK2 COOH-terminal fragment, which has been implicated in the regulation of morphological changes occurring during the late stages of the apoptotic response (31, 42) . In some cells sensitive to signaling through the c-Jun N-terminal kinase (JNK) and p38 MAPK pathways, PAK2 can be proapoptotic (43) . However, there is also evidence that members of the PAK family play a role in antiapoptotic pathways. Faure et al. (14) demonstrated that Xenopus PAK is involved in arrest of oocytes at G 2 /prophase and prevention of apoptosis induced by progesterone withdrawal.
In this study we show that PAK1 is activated by IL-3 in FL5.12 cells and that active PAK1 protects FL5.12 cells from apoptosis induced by deprivation of IL-3. PAK1 phosphorylates Bad at both Ser112 and Ser136, leading to a disruption of the interaction between Bad and Bcl-2/Bcl-x L . PAK thus regulates cell survival, and this is mediated, at least in part, through the suppression of the proapoptotic activity of Bad.
cline-regulated repressor were used for these studies (48) . Cells were cultured in Dulbecco's modified Eagle's medium with 5% calf serum, 5% newborn calf serum, 2.5 mM histidinol, 2 g of puromycin/ml, and 0.5 g of tetracycline/ml; 10 6 NIH 3T3 cells were transfected with 10 g of pcDNA3-HAmBad-wt or pcDNA3-HAmBad-S112/136A by using LipofectAMINE (Life Technology, Inc.) and grown in the presence or absence of tetracycline for additional 36 h. FL5.12 cells were cultured as previously described (34) in Iscove's modified Dulbecco's medium (IMDM) with 10% fetal calf serum-10% WEHI-3 supernatant containing IL-3. For infection of FL5.12 cells, cDNAs encoding Myc-tagged PAK-T42E (mycPAK-T423E), mycPAK-K299R, or mycPAK were subcloned into the Semliki Forest vector pSFV3. In vitro transcription of linearized pSFV3 constructs and pSFV-Helper2 was performed with SP6 RNA polymerase. RNA transfection of BHK-21 cells was done by electroporation (33) , yielding recombinant viral stocks of approximately 10 7 PFU/ml; 2 ϫ 10 5 FL5.12 cells were seeded on fibronectin 2 days before infection. Cells were washed twice with IMDM and then incubated with 100 l of activated virus for 2 h and for an additional 4 h without virus in IMDM plus 150 ng of recombinant mouse IL-3/ml at 37°C. Cells were again washed twice with IMDM and incubated with or without IL-3 for the indicated times before viability of the cells was assessed.
Immunoprecipitation. Transfected NIH 3T3 cells were solubilized in 20 mM Tris (pH 8.0)-37 mM NaCl-1.5 mM MgCl 2 -1 mM EDTA-50 mM NaF-0.5% NP-40 containing 0.15 U of aprotinin/ml, 20 mM leupeptin, and 1 mM phenylmethylsulfonyl fluoride and incubated with a 1:200 dilution (as instructed by the manufacturer) of Bad(C20), phospho-Bad-S112, or phospho-Bad-S136 antibody for 2 h at 4°C. The antibody complexes were captured with protein A beads for 1 h; and the immunoprecipitate was washed with lysis buffer, resuspended in Laemmli sample buffer, and separated by SDS-PAGE. The gels were transferred to a nitrocellulose membrane for further immunoblot analysis.
RESULTS
Active PAK protects FL5.12 cells from apoptosis induced by IL-3 deprivation. FL5.12 cells, lymphoid progenitor cells that die via apoptosis in the absence of IL-3, represent a system commonly used to investigate the regulation of cell survival. We observed (Fig. 1 ) that the ability of IL-3 to promote FL5.12 cell survival was abrogated by treatment of the cells with Clostridium toxin B, an inactivator of Rho GTPase function (1). These results suggested that Rho GTPases were necessary, at least to some extent, for IL-3 to generate cell survival signals. We therefore investigated whether the Rac and Cdc42 effector PAK1 might suppress (or enhance) the apoptosis induced by IL-3 withdrawal. Parental FL5.12 cells were infected with Semliki Forest virus encoding LacZ (Co) or mycPAK-T423E (a constitutively active mutant of PAK1). The kinetics of cell death were explored in these cells starting 6 h after infection, when we determined that 50 to 70% of the cells were expressing protein (Fig. 2B) . A small percentage of cells (ϳ15 to 20%) were rendered nonviable by the virus infection. In the presence of IL-3, FL5.12 cells infected with the PAK-T423E construct or control virus survive over a time period of 24 h (Fig. 2A) . However, after deprivation of IL-3, the control cells or cells transfected with a kinase-dead PAK-K299R mutant (not shown) undergo substantial apoptotic death, detectable by trypan blue exclusion within 3 h after IL-3 depletion. After 24 h of IL-3 deprivation, we detected only 37.7% Ϯ 4.5% living cells after infection with LacZ; a similar decrease, to 26.3% Ϯ 11.7% living cells, was observed after infection with mycPAK-K299R (not shown). In contrast, cells expressing mycPAK-T423E exhibited a dramatic delay in cell death in the absence of IL-3, with 61.5% Ϯ 2.4% viable cells remaining at 24 h ( Fig.  2A) .
Although it has been previously established that FL5.12 cells undergo apoptotic death upon withdrawal of IL-3, we confirmed that the cell death we were measuring represented apoptotic cell death by staining of dead cells with GFP-annexin V (Fig. 2B) . Annexin V binds to phosphatidylserine exposed on the extracellular leaflet of the plasma membrane of cells undergoing apoptosis (12, 29) . Using the annexin V method, in the presence of IL-3 only 15 to 20% dead cells were detected when LacZ, mycPAK-T423E, or mycPAK-K299R was expressed. In contrast, 3 h after deprivation of IL-3, 60% Ϯ 4.2% of control cells and 66% Ϯ 5.5% of cells expressing mycPAK-K299R were stained with GFP-annexin V, while only 29.1% Ϯ 4.6% of cells expressing mycPAK-T423E were labeled with GFP-annexin V.
It has been established that a 67-residue polypeptide representing PAK 83-149 serves as an autoinhibitory domain, capable of suppressing the kinase activity of PAK (59, 62) . We tested whether overexpression of this autoinhibitory domain would enhance the level of cell death by inhibiting endogenous PAK activity. As shown in Fig. 2C , overexpression of PAK induced an increased level of cell death in the presence of IL-3 compared to vector control cells. We observed that 38.1% Ϯ 1.3% of the cells died, as opposed to only about half as many (ϳ20%) in control cells and cells infected with mycPAK-T423E. This was verified to be apoptotic death by GFP-annexin V staining. PAK activation by IL-3 was not detectable in the presence of the autoinhibitory domain (not shown). These data suggest that PAK is likely to be a component of the cell survival signaling pathways normally induced by IL-3.
PAK is activated by IL-3 in FL5.12 cells. The antiapoptotic effect of activated PAK expressed in FL5.12 cells in the absence of IL-3, coupled with the partial suppression of the antiapoptotic of IL-3 in these cells by the PAK autoinhibitory domain, raised the question of whether PAK is activated by IL-3 and plays a role in the IL-3-dependent survival pathway. Immunoblot analysis with PAK1-and PAK2-specific antisera revealed that FL5.12 cells contained primarily a PAK isoform immunoreactive with the PAK1-reactive antibody R2124 (not shown). The cells were serum starved and incubated with or without recombinant IL-3 for 10 min, 3 h, 8 h, and 24 h, and PAK1 activity was analyzed after immunoprecipitation from these cells by using the R2124 antibody. In-gel kinase assays were performed with the selective p47phox peptide substrate (10) , and PAK1 kinase activity was detected after stimulation of FL5.12 cells with IL-3 ( Fig. 3) . Activation of PAK1 was substantial as early as 10 min after stimulation with IL-3, and the activation was stable for more than 8 h but had decreased by 24 h. Interestingly, PAK activation correlated well with the IL-3-induced phosphorylation of Bad at Ser112 (Fig. 3B) .
PI 3-kinase has been shown to be activated by IL-3, and this activation is known to be critical for stimulation of Akt activity and cell survival signaling via Bad (8, 60) . PI 3-kinase can also stimulate the activation of the small GTPase Rac, probably via regulation of various GDP-GTP exchange factors, resulting in the subsequent activation of PAK (23) . We determined whether the activity of PAK1 induced by IL-3 in FL5.12 cells was sensitive to the PI 3-kinase specific inhibitor LY294002 (11, 52) . The addition of 30 M LY294002 partially blocked the IL-3-dependent PAK1 activation, and this level of inhibition was not increased at higher drug doses. Thus, the 4.0-fold activation of PAK1 by IL-3 was reduced to a 2.4-fold stimulation in the presence of LY294002 (Fig. 3A) . These data show that PAK1 is at least partially activated by IL-3 via a PI 3-kinase dependent pathway and suggest that PAK1 could play a role in both PI 3-kinase-dependent and -independent survival signaling by IL-3.
To rule out the possibility that the antiapoptotic effect of PAK-T423E was somehow mediated through activation of PI 3-kinase, we infected FL5.12 cells with Semliki Forest virus encoding LacZ, mycPAK-T423E, or mycPAK 83-149 and examined cell death in the absence or presence of LY294002. Treatment of the FL5.12 cells cultured in the presence of IL-3 with LY294002 resulted in apoptosis of ϳ25% more cells compared to untreated control cells (Fig. 4) . In contrast, LY294002 treatment of FL5.12 cells infected with Semliki Forest virus encoding mycPAK-T423E did not result in increased apoptosis compared to cells cultured without LY294002 in the presence (or absence [not shown]) of IL-3 (Fig. 4) . Cells expressing the PAK autoinhibitory domain (aa 83 to 149) showed enhanced cell death, and this was not changed significantly in the presence of the PI 3-kinase inhibitor. These data indicate that active PAK mediates its antiapoptotic effect by acting downstream or independently of PI 3-kinase.
Bad is phosphorylated by PAK1 in vitro. Stimulation of FL5.12 cells with IL3 results in the phosphorylation of Bad on at least two sites, Ser112 and Ser136, thereby initiating its dissociation from Bcl-2 and Bcl-x L and inactivation of its proapoptotic effect (57, 60) . The activation of Akt leads to the phosphorylation of Bad on Ser136, at least in some cells, while protein kinase A (PKA) can phosphorylate mitochondrionlocalized Bad on Ser112. However, there is evidence that Akt activity is not always correlated with survival pathways acting at the level of Bad and that other pathways must exist for the phosphorylation of these sites (25) . To test whether PAK1 is able to phosphorylate Bad in vitro, recombinant GST fusion proteins of human Bad (hBad), mouse Bad (mBad), mBad (104-141) containing the Ser112 and Ser136 phosphorylation sites but lacking the BH1 and BH2 domains, and the mBad(104-114)S112/136A mutant were incubated with activated PAK1 in the presence of [␥-
32 P]ATP. The kinase used for this experiment was His-PAK1 expressed from a recombinant baculovirus in Sf9 cells; this enzyme is partially active but can be stimulated in vitro with the activator Cdc42-GTP␥S or sphingosine. As shown in Fig. 5A (lanes 1 to 4) , both hBad and mBad proteins were heavily phosphorylated in vitro by sphingosine-activated PAK1. Sphingosine itself in the absence of PAK was without effect (lane 9). Similar results were obtained with Cdc42-GTP␥S-activated His-PAK1 (lanes 10 and 11), as well as with a constitutively activated PAK2 (data not shown).
We evaluated whether PAK1 phosphorylated the critical Ser112 and Ser136 regulatory sites in Bad by incubating the recombinant GST-Bad(104-141)wt and the GST-Bad(104-141)S112/136A mutant with sphingosine-activated His-PAK in the presence of unlabeled ATP and then detecting phosphorylation of Ser112 or Ser136 immunochemically with specific phospho-Bad antibodies. Both antibodies detected phosphorylated Bad after incubation of Bad-wt with His-PAK1 activated by sphingosine or Cdc42 (data not shown). In contrast to Badwt, the Bad-S112/136A mutant did not show any signal, consistent with the mutation of these specific serine residues in this polypeptide (Fig. 5B and C) . PAK1 therefore phosphorylates Bad on both residues Ser112 and Ser136 in vitro.
Although PAK1 was still capable of phosphorylating the Bad(104-141)S112/136A double mutant, as shown in Fig. 5A (lanes 5 to 8), we observed that the level of phosphorylation was consistently lower than in the wild-type fragment. Incorporation of 32 P was quantified after precipitation with trichloroacetic acid and filtration. The wild-type fragment incorporated an average of 1.32 pmol of 32 P/pmol of protein (range ϭ 1.28 to 1.36 pmol, n ϭ 2), while the mutant peptide incorporated only an average of 0.38 pmol of 32 P/pmol of protein (range ϭ 0.33 to 0.43 pmol; n ϭ 2). These data indicate that the primary sites for phosphorylation by PAK are S112 and S136, although an additional (minor) site(s) also exists within the 104-141 segment.
Bad is phosphorylated by PAK in vivo. IL-3-dependent FL5.12 cell survival is dependent on intact Rho GTPase function (Fig. 1) , and PAK activity is regulated by the Rho family GTPases Rac and Cdc42. We examined whether expression of constitutively active or dominant negative forms of Cdc42 were capable of modulating Bad phosphorylation by PAK on the critical Ser112 site in vivo. NIH 3T3 cells stably expressing PAK1-wt in a tetracycline-dependent manner were transiently cotransfected with HA-hBad and either active Cdc42-Q61L or dominant negative Cdc42-T17N. Coexpression of PAK1 and Cdc42-Q61L substantially increased the phosphorylation of Bad on Ser112, while coexpression with Cdc42-T17N decreased the basal level of Bad phosphorylation at this site (Fig.  6A) . Since PAK1-wt itself has little effect on Bad phosphorylation (see below), these data are consistent with the activation of Pak1 by coexpressed Cdc42-Q61L and the subsequent phosphorylation of Bad.
We investigated whether Bad is phosphorylated by PAK1 in vivo. NIH 3T3 cells stably expressing a PAK1 constitutively active mutant (PAK-T423E) or a kinase-dead mutant (PAK-K299R) in a tetracycline-regulated manner were transiently transfected with HA-hBad. To maintain cell viability in the presence of the expressed hBad, cells were cotransfected with Bcl-2. At 36 h after transfection, Bad was immunoprecipitated with an antibody specific to phosphorylated Ser112. (i.e., a phospho-specific antibody). In the NIH 3T3 cells expressing Bad-wt, in the absence of PAK, we observed a basal level of phosphorylated Ser112 as determined by immunoprecipitation with the anti-Ser112 antibody (Fig. 6B) . This basal level of Bad phosphorylation was observed to vary in each individual cell line. However, it was readily evident that the level of Bad phosphorylation was significantly enhanced by expression of PAK-T423E but not by expression of kinase-inactive PAK-K299R. These data establish that PAK phosphorylates Bad on Ser112 in vivo. We obtained similar results using the Ser136 phospho-specific antibody for immunoprecipitation, as well as after immunoprecipitation with a Bad protein antibody followed by immunoblotting with phospho-specific antibodies (data not shown), indicating that both Ser112 and Ser136 are phosphorylated by PAK in vivo. Treatment of cells with the PI 3-kinase inhibitor wortmannin decreased the phosphorylation of Bad in control cells (stably transfected expressing empty vector), suggesting that the basal phosphorylation was mediated by the PI 3-kinase pathway. In contrast, wortmannin did not block the PAK-T423E-induced phosphorylation of Bad, demonstrating that constitutively active PAK-T423E phosphorylates Bad on residue Ser112 in vivo in a PI 3-kinaseindependent manner (Fig. 6B) . We also established that there was no increase in endogenous Akt activity in cells expressing PAK-T423E (data not shown).
Phosphorylation of Bad by PAK1 alters its interactions with Bcl-2, Bcl-xL, and 14-3-3. Since the phosphorylation of Bad by Akt results in its dissociation from Bcl-2 and Bcl-x L complexes and in its subsequent association with 14-3-3, we examined whether phosphorylation by PAK1 affects the capacity of Bad to interact with Bcl-2, Bcl-x L , and 14-3-3. In vitrotranslated [
35 S]methionine-labeled Bcl-2, Bcl-x L , and 14-3-3 were allowed to interact with different GST-Bad constructs preincubated with or without activated PAK1. As shown in In a second set of experiments we determined whether the phosphorylation of Bad by PAK also alters the interaction with Bcl-2 in vivo. Plasmids encoding Bad-wt or Bad-S112/136A were transfected together with Bcl-2 in the tetracycline-dependent NIH 3T3 cells stably expressing PAK-T423E, PAK-K299R, or PAK-wt. The levels of expression of PAK, Bad, and Bcl-2 were determined 36 h after transfection by Western blot analysis, and cell lysates expressing comparable amounts of PAK, Bad, and Bcl-2 (Fig. 7B, lower panel) were used for analysis of the formation of heterodimers in vivo. Bad was immunoprecipitated with the polyclonal Bad(C20) antibody, and coimmunoprecipitated Bcl-2 was detected by Western blotting with the polyclonal Bcl-2(⌬C21) antibody. After induction of PAK-T423E expression, the amount of Bcl-2 coimmunoprecipitated with Bad-wt was consistently decreased. Interestingly, we also observed a decrease in the amount of Bcl-2 associated with Bad-S112/136A after induction of PAK-T423E. This suggests that the phosphorylation of additional sites on Bad by PAK (Fig. 5) is also capable of attenuating the interaction between Bad and Bcl-2 in vivo. After induction of PAK-K299R expression, the interaction between Bad and Bcl-2 was increased, suggesting that this kinase-dead mutant may act to block some basal level of endogenous PAK activity which phosphorylates Bad. However, we could not detect a significant decrease in Bad phosphorylation at Ser112 when PAK-K299R was expressed (Fig. 6B) . The expression of PAK-wt, which is typically not activated when expressed alone, did not affect the amount of Bcl-2 coimmunoprecipitated with the Bad antibody. Thus, based on both the in vitro protein binding assays and the in vivo coimmunoprecipitations, we observed that the phosphorylation of Bad by PAK alters the heterodimerization of Bad with Bcl-2 and 14-3-3 in a manner consistent with promoting cell survival.
Active PAK protects NIH 3T3 cells from apoptoisis induced by overexpression of Bad or treatment with C 2 -ceramide. Cellular overexpression of Bad induces apoptosis because of the consequent dimerization of Bad with Bcl-2 and/or Bcl-x L , resulting in the release of cytochrome c from mitochrondria (17) (Fig. 8A) . Since the proapoptotic effect of Bad is blocked by its phosphorylation, activated PAK should therefore suppress apoptosis induced by overexpression of Bad. Transfection of plasmids encoding HA-hBad in NIH 3T3 cells in which expression of PAK was suppressed by the presence of tetracycline resulted in apoptosis of approximately one-third of the cells. Control cells expressing Bad transiently show no difference in apoptotic events in the presence or absence of tetracycline (data not shown), indicating that tetracycline itself did not influence the apoptotic or antiapoptotic pathway in NIH 3T3 cells. After The in vivo interaction of Bad with Bcl-2 decreased after overexpression of PAK-T423E and increased after overexpression of PAK-K299R. (Top) Coimmunoprecipitation experiments were performed with lysates of NIH 3T3 cells coexpressing Bad-wt (wt) or Bad-S112/136A (mt), Bcl-2, and PAK-T423E or PAK-K299R as described for Fig. 6 with Bad(C20) antibody. Western blots were developed with Bcl-2(⌬C21) antibody. (Bottom) Lysates of NIH-3T3 cells coexpressing PAK, Bad, and Bcl-2 were analyzed immunochemically by using the HA Bad(N20) and Bcl-2 (⌬C21) antibodies, respectively to verify the expression levels. The results shown are representative of three independent experiments. induction of PAK-T423E expression, apoptosis in response to Bad was totally blocked, as determined both by trypan blue staining (not shown) and by GFP-annexin V staining (Fig. 8B) . In contrast, induction of the expression of catalytically inactive PAK-K299R resulted in a slight increase in the percentage of dead cells in both the presence and absence of Bad (Fig. 8C) .
It has been established that ceramide induces apoptosis through a mechanism inhibitable by antiapoptotic Bcl-2 family members (2, 13, 50) . We incubated NIH 3T3 cells with 50 M C 2 -ceramide and compared the apoptotic responses of cells in the presence or absence of PAK-T423E, PAK-K299R, or vector control (Fig. 9) . Addition of C 2 -ceramide induced apoptosis in 42 to 50% of cells in which expression of PAK was suppressed. Control cells grown in the presence or absence of tetracycline exhibited only slight differences in the level of dead cells. However, in cells overexpressing PAK-T423E, the percentage of cells that died after treatment with C 2 -ceramide was markedly reduced (42.6% Ϯ 7.7% without PAK, in comparison with 27.6% Ϯ 2.6% for cells overexpressing PAK-T423E). Conversely, after overexpression of PAK-K299R, the level of dead cells was slightly increased. These data show that active PAK promotes cell survival in NIH 3T3 cells after induction of apoptosis either by direct overexpression of Bad or by treatment with C 2 -ceramide.
DISCUSSION
The requirement for PI 3-kinase activity in cell survival signaling in many systems is due, at least partially, to the role of PI 3-lipids to regulate activation of the Akt Ser/Thr kinase (15) . Akt has been shown to phosphorylate Bad on Ser136, thereby reversing dimerization with and inhibition of Bcl-x L and/or Bcl-2 (7, 8) . A number of survival factors, including IL-3, insulin-like growth factor 1 and Kit, induce the phosphorylation of Bad on both Ser112 and Ser136 (4, 30, 60) . These factors act, at least in some situations, via the PI 3-kinase/Akt pathway to phosphorylate Ser136. In the FL5.12 IL-3-dependent cell line, survival signaling is also partially sensitive to inhibitors of PI 3-kinase (7, 8) , and Akt is rapidly activated in response to IL-3 and phosphorylates Bad on Ser136 (7). The inability of Akt to phosphorylate Bad at Ser112, the inability of PI 3-kinase inhibitors to fully block survival signals in some systems, and studies demonstrating a dissociation between Akt activation and survival signaling all indicate that other kinasedependent cell survival pathways are likely to exist. The findings reported here identify the Ser/Thr kinase PAK1 as one such alternate survival pathway.
We used Clostridium toxin B, which glucosylates and inactivates Rho family GTPases, to establish a requirement for Rho GTPase activity in IL-3-dependent survival of FL5.12 lymphoid progenitor cells (Fig. 1) . This is consistent with recent reports that Rac GTPase exerts antiapoptotic effects in BaF3 cells upon IL-3 withdrawal (36) and in the presence of oncogenic Ras (27) . We next established that the downstream effector of both Rac and Cdc42, PAK1, is rapidly activated by IL-3 in FL5.12 cells, and the time course of activation parallels the time course of IL-3-induced Bad phosphorylation (Fig.  3B) . PAK1 phosphorylates the proapoptotic protein Bad in vitro and in vivo on both Ser112 and Ser136, leading to dissociation from Bcl-x L /Bcl-2 and binding of Bad to 14-3-3. PAK1-mediated phosphorylation of Bad effectively blocks Bad-induced cell death. The observations that a constitutively active PAK1 protects FL5.12 cells ( Fig. 2A and B) and NIH 3T3 cells (Fig. 8 ) from apoptosis and that the autoinhibitory domain of PAK increases cell death in FL5.12 cells (Fig. 2C) indicate that PAK is likely to contribute to cell survival signal- ing by the IL-3 receptor. Interestingly, the activation of PAK1 by IL-3 in FL5.12 cells is partially blocked by the PI 3-kinase inhibitor LY294002. Since PAK can be activated by the small GTPases Rac and Cdc42, and activation of either GTPase can occur in response to PI 3-kinase-dependent guanine nucleotide exchange factors (3, 21, 23, 37) , this may account for the partial sensitivity to PI 3-kinase inhibition. The data suggest that some part of the PI 3-kinase-dependent survival signals generated by IL-3 could involve PAK1 activation in addition to Akt. PAK1 may contribute to PI 3-kinase-independent survival signaling as well, since the activation of PAK1 by IL-3 is not totally blocked by LY294002. It is likely that PAK1 is also involved in the PI 3-kinase-independent survival pathways described for other cells (4, 25, 30, 39) .
PAK activity alone was sufficient to phosphorylate Bad in vitro, and Bad phosphorylation by constitutive active PAK1 was independent of PI-3 kinase activity in vivo (Fig. 6B) . Consistent with a direct effect of PAK, we measured Akt activity in FL5.12 cells expressing PAK1-T423E and did not detect any stimulation of Akt by Pak (not shown). Quantitative analysis indicates that PAK1 phosphorylates Bad ( Fig. 5 and 6B ) primarily on Ser112 and Ser136 within the span of aa 104 to 141. Another site (or sites) was phosphorylated within this region, albeit quantitatively to a lesser extent. There are additional serine residues at positions 108, 111, 128, and 134 that could serve as potential PAK phosphorylation sites. The data in Fig.  7B , showing that the coexpression of constitutive active PAK with Bad-S112/136A led to a decrease in the interaction between the Bad mutant and Bcl-2, suggests that the additional site(s) could be functional, i.e., that regulation at these sites adjacent to the Bcl protein-binding BH3 domain could also reduce interactions with Bcl-x L or Bcl-2. However, since IL-3 has not been reported to induce phosphorylation of Bad at residues apart from Ser112 and Ser136, the physiological significance of this observation is questionable. Indeed, no interaction between Bad-S112/136A and 14-3-3 was detectable after phosphorylation of this Bad mutant by PAK (Fig. 8A) . This is consistent with the findings of Zha et al. (60) and Datta et al. (7) that only the phosphorylation of Ser112 and/or Ser136 supports complexation of Bad with 14-3-3.
In addition to Akt, a number of other kinase signaling pathways have been identified as potential mediators of survival stimuli, including PKA, components of the Ras-MAPKp90 RSK pathway, the Raf-1 kinase, the calcium/calmodulindependent kinase, Bcr/Abl, and heart muscle kinase (a form of PKA) (35, 44, 45, 53, 58, 60) . Only PKA has been shown to phosphorylate mitochondrion-associated Bad on Ser112 in vivo (22) . There is no evidence that Rho GTPases or PAK are able to modulate the activity of PKA. Calcium/calmodulindependent kinase activates Akt directly, resulting in phosphorylation of Bad on Ser136 (58) . Our studies clearly show that PAK phosphorylates Bad on both Ser112 and Ser136 in vitro and in vivo, suggesting that PAK promotes cell survival through an independent pathway distinct from the PI 3-kinase/ Akt pathway. However, these results do not rule out the possibility that PAK promotes cell survival by other mechanisms in addition to that mediated by phosphorylation of Bad.
The activation of full-length PAKs (PAK1 or PAK2) is known to occur in response to activation of various cytokine and growth factor receptors (references 9, 18, and 61 and this report) as well as in response to cell adhesion (40) . These stimuli are also known to generate effective cell survival signals, which our present data suggest may include the activation of PAKs. Certainly, the effect of PAK activity on cell survival will depend on the cellular context in which it becomes activated, as the mechanism that we have defined here would be relevant only in cells in which the Bad-Bcl2 mechanism is functioning to regulate cell death. In systems like the Jurkat cell where the Bad-Bcl2 mechanism is not operative, PAKs would not be expected to antagonize cell death by phosphorylating Bad.
Indeed, we have previously demonstrated that overexpression of the constitutively active PAK2 COOH-terminal fragment formed by caspase-mediated proteolysis of PAK2 can be proapoptotic in Jurkat T cells (42, 43) . This effect is likely due to the ability of PAK to induce the activation of JNK and p38 kinases, which effectively induce cell death in the Jurkat system. In order to promote cell survival, activation of PAKs (either PAK1 or PAK2) by growth factors, etc., must occur prior to the initiation of the final effector phase of cell death, i.e., prior to the point when cytochrome c release has taken place and caspase 3 has been activated. After this stage, phosphorylation of Bad will not be able to prevent cell death. Since proteolytic cleavage and activation of PAK2 (but not PAK1) by caspase 3 occurs late in the apoptotic cascade, this is already too late for PAK2 activity to affect the death response by modulating Bad function. It has been shown that the survival kinase Akt is also proteolytically cleaved by caspase 3, but this is not likely to influence the subsequent death response at this stage. Proteolytic activation of PAK2 subsequent to caspase 3 activation appears to be primarily involved in cytoskeletal remodeling and/or JNK/p38 kinase activation.
We have identified a mechanism by which PAK kinase activity promotes cell survival. We suggest that it is likely that both PAK1 and PAK2 can regulate the Bad pathway, as our in vitro studies have shown that full-length PAK2 and PAK2 with a constitutively active C terminus are both as able as full-length PAK1 to catalyze the phosphorylation of Bad. Future studies will be directed at determining the contribution of PAK1 and PAK2 activity to other cell survival signaling pathways and the possible relevance of PAK activity to diseases in which apoptotic responsiveness has been reduced, including cancer.
